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AEISTRACT

Obsewatlons of natural convection ulrflou
lnpassfve solar bulldln s are described.

!Particular results are g ven for tuobulld-
Ings supplasentlng other data already pub-
11shed. A ntier of generalizations based
on the monitoring of the 15 bufldlngs are
presented. It Is concluded that ●nergy can
be reasonably well distributed throughout a
building by natural convection provided
sultcb!e ooenings are present,and that the
dfrectfon of heat transport IS either hori-
zontally across or upuard.

1. INTRODUCTION

A series of experiments was Initiated In
1981 to determine the nature of natural
convection alrflw, heat distribution, and
stratification fn passfve snlar bulldlngs.
This wrk grew out of a realtzatlon that
natural convection plays a sfgnlflcant role
In the distribution of heat from ua~r to
cooler rom of a buf:dlng. Some of our
earner results have been reported at the
Elthand9th Passfve Conferences (1,2). A
mre c~rehensfve report of results u
through October 1984 Is given In Re’f.!,
The purpose of this paper Is to describe a
f- of the mst recent results and to re-

Isent unffylng gen~rmllzatfons that w ave
dlsttllod fr~ our observ#tfons. Me have
nw taken dnta fn 15 buildings tncludfng
tuo atria lncmrclal bulldlng$, Flm
visualization techniques usln both smke

?and neutral-density soap bubb es have
proved to be qutte helpful, although the
most useful data ~re alr veloclty mnd
t~rature maasur~nts. Thas@ can be
lntegrat~d to obta$n afrflcm and hoatflti
rates. We hhve learned that the saemfng~y
c~lex character of natural afrfl~ fnside
t;~ cqllcated e~trles of @ctual bufld-

!lngs obeys s- tlrly slqle laws leading
to opttmlsm that the recesses can be qusn-

!tfffed so that the pr ficlplescan be incor-
porated tnto design practfce. Th* impor-
tance of aperture restrictions fn daterwfn-
lng afrflou rates betuew roms has been

●stnbllshed and simple Cquatfo!is have been
developed for Obtaining reasonable ●stl-
Utes In simple and more complicated
germtrles. An Interdependence of
stratfflcatlon aud room-to-room ●nergy
transport has been observed, Work has
begun on a mathematical mdel that ade-
quately describes the physics and yet is
simple enough for analyzlng actual build-
ings (4,5).

2. AIRFLOW IN A SHORT HILLHAY

A 4 ft. hallway conntcts the center up-
stairs bedrom to a balcony which extends
Into the tuo-story-hl h sunspace of the
Balctisolar house [~). Both moket races
und neutrally-buoyant, helfum-ftlled soap
bubbles fndtcate that the air passing along
this hallway through the doorways at each
end does not flw horizontally, The warm
afr streamlines tend to rise about 1 ft. as
‘-heypass down the hallway from the balcony
t-ard the cooler b~droom and the returr~ng
cool alr streamlines tend to fall the same
distance so that there axlsts a slopfng,
zero-veloclty plane III the hallway. Once
through the bedroom doarday the warm alr
rises quickly to the ceiling,

Veloclty profiles m~asured In each of the
doomays are shown In Fly. 1 Indicating a
afgnfflcant change {n prof{le shape from
one end of the hall to the other end. Two
masurants Wre made at each height and
the results averaged. Maxtwm and mlnlmum
values of the anemcmter needle fluctua-
tions uare noted and used to detersdne
maximum and mlnfwm flow fntegrals In each
direction. Sfnce the average of these four
flow rates fall wlthln the range of each
pair ofwasurwnts It was assuwd that
the flon Iward aquals the flou outward and
Is th~ vm- In eoch doorway.

Note that the zero velocfty point Is about
10 In. hfgh?r for aperture 1, th@ doomay
closost to the bedroom, than for noerture
2 in

r
neral a remsent with the

!fiw-v suallzat on results described
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Fig. 1. Velocity proftles for two doorways
fn series at each end of a short
hallway. Aperture 1 is closest to
the cool room md aperture 2 is
closest to the warm room.

above. Also note that neither proftle {s
synanetric; there Is a tendency for the
hfghest veloclttes to occur at the top of
aperture 1 and at the bottom of aperture
2; also, there Is a tendency for the
velocfttes near the bottrnnof apertur? !
and near the top of aperture 2 to level off,

The temperature dffferenc~ LcLw~’W the
sunspace and the bedroom, measured at the
same elevatfon, was 15.5 F at the tfme
these w@asurements were taken, at about
2:00 p,Ix.on a moderately sunny day. The
energy transport ts 4300 Btu/h. The door-
way dimensions are 79.6 by 30.5 {n.
(aperture 1) and 74.3 by 30.3 tn.
(aperture 2).

3, ATTACHEO SUNSPACE

A 210 sq. ft. sunspace was attached as a
retrofit to an exfst{ng house fn Los
Alamos. The south glazlng arma 144 sq. ft.
deployed as follows: 26 sq. ft. vertical’
4? sq. ft. curved, and 76 sq. ft. at a 15

end of14erch but due to the sloplng glazing
there was still sufficient solar gain to
drive strong convective flows into the
adjacent bedroom of the house. Shading of
the overhead glass tnd ventilation, which
would normally have been used to prevent
overh&8tlng In this season, were not
eaployed during our experlnents.

The data presented here which re resentRonly a small fractfon o+ all of t e data
taken, were obtained during two consecutive
completely sunny days. The door, *fch
connects the sunspace to ths house ues
closed on day 91 and open on day 9~.
Although solar conditions were almost fden-
tfcal on the two days, the average outsfde
Wmperature was 36*F on day 91 and 46*F on
day 92. Despite this difference the sun-
s ace uas markedly hotter with the door
!c osed than with the door open, as shown on
Fig. 2. Just the opposfte fs true of the
bedroom, which has no direct solar gains.
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Fig. 2. Air temperatures {n the sunspace
and ad,iacentbedroom, measured at
60” above the sunspace floor, on
two subsequent days. The
connmctfng door was closed on the
ftrst day and open on the second.

$tratiflcatlon in the sunspace is shown in
Ftg. 3. Note that stratiftcatfon is much
more pronounced when the door is open and
thei-e is strong convective exchange to the
adjacent bedroam than when the door !s
closed, There is vtrtually no stratifica-
tion at night. The sunspace has a messlv?
floor (brfck on concrete sla6) and a mes-
slve north wall (grouted concrete block);
however the other walls and the bedroom are
of lightweight construction. Durfn this

iSoaccn most of tha dfroct sunlfght it! the
flo>r and only the lower 12 tn. of the
north wall is dfrectly ~unlit, Floor
Wnperaturas and wall tamperatur?s are
shown !n Ftgs. 4 and 5, MOtP that the
sunlit areas are tndwed warm; than areas



persist Into the evening 8s energy
redistributes wlthln the enclosure. Al SO

mte that there Is little difference
between the wall temperatures on the m
days.
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Fig, 3, Sunspace air temperature vertical
profile showingmch reatcr
stratification when d ere Is
convective ●xchange through an
open doorway.

93

Fig. 4, surface temperatures measured on
the north wal1 of the suns ace at

Ydifferent heights. The wa 1 {s
8 in, grouted concrete block,
fnsulated on the outside,

We have taken a rest deal of data, either
?in raw fom or s tghtly processed, Several

clear patterns that emerge from these
observations am discussed balow.
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Fig. 5. Floor surface temperature
measured near the center of the
suns ace.

!
The floor consists of

brlc pavers lald on a 4 In.
concrete slab, Note that the
floor Is dlways wanner than the
air abb’e,

A. Enerw Dlstrlbutfon by Natural
~onvection—.

Energy can b? reasonably well distributed
throughout a building by natural convec-
tion, provided %uftable openings ~re pre-
sent. Although distribution to upper rooms
is favored, this Is not unreasonable from a
comfort standpoint because these rooms
usually have a greater heat loss due to
the roof. Even north remote rooms at the
lower level will receive significant heat
by natural convection, although the temper-
ature wfll generall be somewhat lower than
for upper rooms, iT e system tends to be
strongly self balancing because heat
convection from a warm area to a cold area
Increases as the 1.G power of the
room-to-room air temperature difference.

B. @ner@l Airflow Prof~

The general profile of airflow velocities
through most a ertures is quite well

Icharacterized y the simple theoretical
parabolic (square-root) refile based on
the Bernoulli equation(!). Ue usually
note the following small variations from
this profile.

a. The VQIOCity near the floor fs greater
than for the pkrabolfc curve, forming d

tail on the bottom of the profile that
is noitly linear. This ts probably due
to poolfng of cold air near the floor
of the coo! room that rushes through
the tioorway.

b, Tba velocity gradfeut near the center
of the dootway is les! than the



Inflnlte gradient that Is predicted by
the sfmplc theory. This strafghtanlng
of the profile near the zero velocity
crossover point MY be due to viscous
or eddy-induced dra of the atr, M

!effect that is near y negll glble along
the rest of the profile.

c. The observed velocfty Is not steady but
fluctuates S1owly. The relattve fluc-
tuation Is greatest at low velocities
and least at Mgh velocities where the
flw tends to & qufte steady,

Other departures frosathe theoretical
profile are most noticeable when there 1s
lfttle flw duc to a low drlvfn delta T or

7when there fs a major constrfct on near tie
door, such as a wall or piece of furniture.

The flow veloclty tends to be reasonably
unlfotm across the doorway at a constant
height. The nwjor exceptlon fs when the
flow is turning Into or out of ● hallway,
fn tiich case the velocity wtll be greater
on the inside of the turn as the slr tries
to cut across by the shortest path,

There fs also general agreement between the
simple theory and flow profiles observed In
multiple aperture gewnetrlcs, A particu-
larly clean case was studied where two
doo!ways connecting two spaces are offset
in height. The profiles match the
theoretical result reasonably well and the
reasons for the minor varl~tions from theo-
retical are understood. In most cases the
major profiles are all quite understand-
able, however there are a few cases where
deviations from the nownal profile shapes
are pronounced and not well understood,

c. ----------------- _——Variation of Veloclt~ with Oelta T

The simple theory also predicts that the
velocity at a particular hei ht in an

!aperture will be proportions to the square
root of the room-to-room temperature
difference. This is well born out in the
experimental data. The scatter cf data
points (usually 1/2 hour averages of 300
samples) show no more that about 10% random
vari&tion from this functiowl dependence
and no systematic vartation in most cases,
The slope of the lines is quite close to
the theoretical slope.

o. Coorwa~Tawssrature Profiles------ ------------..—

The ratio, (Joor-top-t,o-door-bottom
delta T) / (ro~i,-to-roomdelta T), is
usually bracketed within the range 0.8 to
1.3 during periods of strong convection.
This mpirical result seems to be partof
the nature of the stratified flow, Because
the airflow rati can dsuallybe predicted
within * 15%, this means the instantaneous

energy transport can be predicted towlthfn
*352. The estimate of the enerw trans-
port lntegmtad over adaymay be ao!aewhat
c1 oser. Stratiflcatlonl?Ithe doorway
tends to be much staepar than In the adja-
cent rooms. This Is noted also in the
profiles measured in sfmllltude experi-
ments. These profiles suggest that ‘Je
streamlines shift levels ●pproaching an
aperture, downward on the cool room side
and u~ard on the warm ro~ side.

c-. Glass Taape ratures

Observed .~nspace glass tatsperaturestings
are htie, usually about 20*F greater than

!room a r swings. The glass is about lO”F
warmer than the air when tn the direct sun
and 10”F cooler at nl ht. Glass surfaces

iare usually dominant eat transfer area~ In
a sunspace ●nd have a very pronounced
effect on comfort.

F. Stratification

The most ganeral statement that can be made
is that stratification (0.5 tol.2*F/ft.)
Is observed in every case where tht?refs
significant zone-to-zone convection through
apertures. The evidence strongly suggests
that convective exchange and stratification
are strongly linked, althougt the physical
reasons are not yet completely clear.
Stratification is much stronger when two
spaces are convecti’~elylinked by air flow
through a comon aperture than when
convection is blocked.

G. Hybrid Systems

In the course of studying natural airflow,
we have also monitored the perronnance of a
few fan-forced hybrid designs, The perfor-
mance of these has been disappointing,
especially compared rtiththe good perfor
mance of natural convection. In one case,
the fan proved counterproductive in every
aspect, We believe that the prablem
usually lies in details of the design.
Like other active solar systems, fan-forced
systrms mu$t be carefully engineered and
properly installed if they are to work
correctly. ,Amajor advantage of fan-forced
flow is the ability to move heat downward
and store it, for example, to move heat
from the top of an atrium into the floor
structure of a remote room. Natural
convection can only move heat downward to a
limited ext~~ntand would generally not be
effective for under-floor stora e.

!
The

principal &dvanta e of the hybr d systems
fwe have obs~rved ies in improved thermal

comfort rather than in energy savings,

H. Vent Pairs vs Ooorwa~~—,——--..--.—----

Sossecwssmonlyheld beliefs of passive solar



design nave been trough. into question by
our ffndfngs. An example 1s the notfon
that pairs nf high and low vwsts are a
preferable geometr} for natural ●nergy ex-
change. In one case studied, the ●ddftlon
of a high vent dfd not enhance heat trans-
port. Me find that ordinary doorways can
usually serve qufti adaquatcly and have
many other advantages.

I. Level Changes

The effect ofa level change, such as a
step or series of steps between spaces, has
been Investigated. The data are not
conclusive, but do suggest strongly that
level changes can oe quite effective.
Further work fs warranted to investigate
thfs fssue.

J. Thermal Comfort

Our Investigations have been broadened to
fnclude the Issue of thermal comfort fn
passive solar spaces. Afr motfon by
natura; convection can serve not only to
distribute heat In a butldfng, but can
markedly Improve comfort in overheated ron-
dttions that may tend t6 exfst under peak
solar gain. In one case studied,
Increasing aperture sfze actually decreased
thermal transport but did fncre&se cmnfort
due to fncreased afr ve”locltfes.

K. Ducts for Return Afr—.

In two cases, passtve return air ducts were
Installed. Although these aid aid fn pro-
vidfng return afrflow, it Is questionable
whether the added performance warrants
thefr expense. It fs probable that the
same performance could have been achieved
at lwer cost and greater convenience using
normal architectural eleme,ltssuch as
stairways, hallways, door, vdndows, and
rooms that can serve multiple purposes,
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